atmospheric acid deposition is supported on theoretical grounds (Reuss, 1983) , by laboratory experiments (LawNumerous studies have investigated the potential depletion of rence et al., 1999), by observational mass balance studies available base cation pools from forest soils in regions impacted by acid deposition. However, these studies mostly used indirect methods. (Bailey et al., 1996; Likens et al., 1996 
T here is much interest in possible depletion of base and Likens, 1974; Driscoll et al., 2001 ). The long-term cations, particularly Ca, from forest soils (Federer mass balance model for the Hubbard Brook Experimenet al., 1989; Likens et al., 1996, Binkley and Hogberg, tal Forest (Likens et al., 1996; Bailey et al., 2003 Bailey et al., ) sug-1997 Huntington, 2000) . Consequently, there is heightgests that over the past 50 yr, most of the depletion of ened interest in the role that base cation nutrients play soil Ca occurred during the 1970s. Thus studies that in forest health and productivity. Leaching of foliar were initiated subsequent to this era missed earlier dymembrane Ca and Al-induced Ca deficiency have been namics and must be more sensitive to detect any subselinked to decline of red spruce (Picea rubens Sarg.) quent changes. Unfortunately, the first soil monitoring (Lawrence et al., 1997; Shortle et al., 1997; DeHayes et study at Hubbard Brook to look beyond the forest floor al. , 1999) . In Europe, Mg deficiency has been associated did not start until 1983 . with decline of Norway spruce [Picea abies (L.) H.
Moreover, few studies of forest soil base cations in Karst] (Hü ttl, 1993) . Imbalanced base cation nutrition, the northeastern USA are suitable to evaluate pre-acid coupling low availability of Ca and Mg with high levels deposition soil bases. Lunt (1932) conducted pioneering of Al and Mn have been correlated with predisposition studies of forest soil base cations in New England. Lunt's of sugar maple (Acer saccharum Marsh.) to decline dissamples were stored for nearly 50 yr before being disease (Horsley et al., 2000) . Experimental additions of carded to make room for a laboratory renovation (W. dolomitic lime have increased crown vigor, growth, Shortle, personal communication, 2002) . With no arflower, and seed production and decreased mortality of chived samples for comparison, and given questions sugar maple on the Allegheny Plateau in Pennsylvania about analytical methodology with Lunt's analyses, it is (Long et al., 1997; Long et al., 1999) and in eastern uncertain that strong conclusions could be drawn from Canada (Moore et al., 2000) . resampling these sites. Heimberger (1934) also conYet, direct evidence of base cation depletion from ducted analyses of exchangeable base cations during forest soils remains rare. Calcium depletion as a result of the pre-acid rain era in forest soils of the Adirondack Mountains, New York. (Johnson et al., 1994 1890 and 1930 (Marquis, 1975 
Sampling
We relocated the 1967 pits from field notes of the original sampling crew. In 1997, four new pits were opened in cardinal directions 10 m from the 1967 pit (when available) (Fig. 1 ). Soil profiles were described and sampled by genetic horizons according to the same sampling protocols used in the 1967 survey (Ciolkosz et al., 1970) . These pit samples were used to evaluate long-term (1967-1997) change in soil chemistry. To determine whether short-term temporal changes could affect and 1999. In each of the four quadrants between two adjacent pits we established three linear transects, each having four summation was to 100 cm due to relatively shallow bedrock potential sample points at 1-m intervals (Fig. 1) . One transect at this site. Soil pools also were summed for a portion of the in each quadrant was sampled in 1997, 1998, and 1999, respec- soil profile approximating the rooting zone-from the Oa/A tively. In each of the 3 yr, 10 of the possible 16 sample points horizon to either the top of the fragipan (Bx or Btx horizon), were randomly chosen and a 10 ϫ 10 cm pin-block sample or to the top of the C-horizon, in the absence of a root-limiting was taken from each point (Federer, 1984) . These samples fragipan. Change in soil storage was estimated by comparing included Oi, Oe, Oa, and A horizons. The underlying E or B the 1967 pool estimates with the 1997 estimates. The 1967 site horizon was separated from the base of the pin-block and the pool was calculated with the concentrations of exchangeable entire 100 cm 2 sample of each overlying horizon was separated cations measured in archived samples, yielding a conservative and collected. All samples considered in this study, including estimate of nutrient depletion as concentrations of Ca and the 1967 samples, were collected during July.
Mg measured in archived samples were lower than the original analyses. For comparative purposes, the accumulation of Ca and Mg in forest biomass was contrasted with the change in
Soil Analyses
soil pools. Soil samples were air-dried and screened to remove particles Ͼ2 mm. Samples were then homogenized by mixing via Biomass three passes in a riffle splitter. Subsamples for analysis were obtained by riffle sampling and repeated mixing via a plastic Tree biomass in 1997 was estimated from diameter measurescoop to avoid variability induced by separation of soil partiments of trees Ն10 cm diameter breast height (dbh) on three cles along size or density gradients. Samples were analyzed for 400-m 2 plots at each site. Total aboveground biomass and pH in 0.01 mol L Ϫ1 CaCl 2 (Robarge and Fernandez, 1987) . Orcomponent biomass were estimated using allometric regresganic content was estimated by loss on ignition (Robarge and sion equations. Biomass of each tree was divided into foliage, Fernandez, 1987) . Exchangeable cations (Ca, Mg, Na, and K) stem wood, stem bark, branches (including wood and bark), were determined in 1 mol L Ϫ1 NH 4 Cl extracts obtained by and coarse roots (including wood and bark) using equations mechanical vacuum extraction (Blume et al., 1990) . Exchangecompiled by Jenkins et al. (2003) . Nutrient concentrations for able Al was determined in 1 mol L Ϫ1 KCl extracts. Exchangeeach species and component were chosen from a literature able acidity (in the uppermost subdivision of the B horizon) review (Pardo et al., 2005) . Since complete data for all biomass was determined by potentiometric titration of the KCl extracts components were not found for most species, a mean value (Robarge and Fernandez, 1987) . Concentrations of all cations based on the low end of the concentration range for all study in soil extracts were measured with a Varian Vista axial inducspecies having data was calculated for each component. We tively coupled plasma spectrophotometer. Exchangeable Ca used the low-end value as the most conservative estimate of and Mg were expressed on an oven-dry mass basis (cmol c nutrients sequestered in biomass. Total nutrient content in kg Ϫ1 ). Detection limits for our exchangeable cation analyses tree biomass was estimated from the products of nutrient were equivalent to 0.006 and 0.004 cmol c kg Ϫ1 for Ca and Mg, concentration and biomass. respectively. The few analyses that were below the detection To obtain an estimate of 1967 biomass, we used data from limit were assigned a value of one-half of the detection limit.
eight fully stocked control stands in a thinning study (Nowak Triplicate analyses were within 15% of mean values. 1996) in stands with similar age and species composition to Archived subsamples of soils collected in 1967 were anathe present study stands and growing on the same plateau top lyzed by the same methods used for the new samples. These landform. We calculated a mean annual increment for three analyses were compared with the original results (Ciolkosz et diameter ranges of each species (10.00-29.00, 29.01-44.50, and al., 1970) 
Soil Pools
was subtracted from the 1997 diameter to estimate the 1967 diameter of each tree, which was used for subsequent biomass To evaluate possible causes for observed changes in soil and nutrient content calculations. Biomass, Ca, and Mg conchemical concentrations, soil changes were calculated on a tent for 1967 were then calculated as described above. The nutrient-pool basis and compared with net storage in biomass difference between 1997 and 1967 biomass, Ca, and Mg repreuptake. This approach was chosen to evaluate the possible sents a conservative estimate of what was sequestered in trees roles of forest growth and leaching on the observed soil between these two dates. changes. We recognize that this approach is not a complete mass balance; inputs via atmospheric precipitation and mineral weathering may vary between the sites and were not consid-
Statistical Analysis
ered. Exchangeable Ca, Mg, and Al pools were calculated Pearson correlation and regression were used to compare for each horizon based on measured cation concentrations, the original analysis of soil properties with those obtained by horizon thickness, volumetric rock content, and bulk density.
reanalysis of archived samples (Wilkinson, 1997) . Bulk density was measured in sampled clods during the 1967 Short-term effects of site, year, and the site ϫ year interacsampling (Ciolkosz et al., 1970) . Values from the original pits tion in pin-block samples were evaluated with analysis of variwere used for similar horizons and depths to estimate bulk ance (ANOVA). Orthogonal polynomial contrasts were used density in the 1997 pits. Volumetric rock content was estimated to evaluate trends among the 3 yr of sampling upper horizons. visually from pit faces; the average rock content per horizon Exchangeable Al concentration was the only soil property for each site was calculated from the observations in all five that met the ANOVA assumptions of normality and homogepits (one in 1967 and four in 1997 ranged from 14 to 35% (Table 1) , which is within the range of an A horizon, based on an upper limit of 20% organic C content, equivalent to approximately 40%
RESULTS
organic matter content (Huntington et al., 1989) . IndiNew analyses of archived samples were highly correvidual pin-block samples showed a normal distribution lated with the original analyses published by Ciolkosz in organic matter content, with loss on ignition ranging et al. (1970) (Fig. 2) . Both studies measured pH in a from 5 to 70%. The distribution and range in organic 0.01 M CaCl 2 solution. The new analyses showed a lower matter content, and thin nature of the forest floor sugpH than the original analyses, though there was a high gest that any break between an Oa and A horizon would correlation between the two (r ϭ 0.87). we sampled slightly less deep in 1998, representing an the correlation between the two was high (r ϭ 0.97 for inconsistency in breaking the A from B horizons in Ca; 0.99 for Mg). Exchangeable Al was measured in a the pin-blocks. However, the statistical results show no 1 M KCl solution in both studies. There was little differtrends in any parameters from 1997 to 1999 (Table 1) . ence in Al concentrations between the two (r ϭ 0.92) Short-term variability appears minor and within an ex- (Fig. 2) .
pected range. The differences in Oa/A chemistry beSpatial and temporal variations in upper soil horizons tween 1997 and 1999 were much smaller than the differwere addressed with pit samples collected in 1967 and ences from 1967 to 1999 ( Fig. 3) suggesting that the 1997 and pin-block samples collected in 1997, 1998, and three-decade differences are part of long-term trends rather than random differences due to short-term variation or sampling errors. At most sites, and overall, pH, and exchangeable Ca and Mg concentrations were lower while exchangeable Al concentrations were higher in the Oa/A horizon in pit samples collected in 1997 than in 1967 (Fig. 3 , Table 2 ). The mean pH of the Oa/A horizon dropped 0.9 units over the 30-yr period. Exchangeable Ca and Mg were more than four and two times higher, respectively, in 1967 than in 1997. Exchangeable Al was 1.8 times lower in 1967 than in 1997. The combined loss in exchangeable Ca and Mg in the Oa/A over the 30-yr period was 4.1 cmol c kg Ϫ1 compared with a gain of 2.6 cmol c kg Ϫ1 of Al. The difference may be due to an increase in exchangeable H, which would be consistent with the observed drop in pH, or with a reduction in cation exchange capacity.
There was no difference in pH, Ca, Mg, or Al concentration between pit and pin-block samples collected in 1997 (Al at NB, p ϭ 0.058; Mg at HC, p ϭ 0.067; Ca at HC, all other comparisons, p Ն 0.130) (Fig. 3) , suggesting little or no bias in Oa/A chemistry between the with a natural log transformation to meet the assumption of homogeneity of variance; analyses of all other soil properties used Freidmans non-parametric ANOVA because even with transformation, data did not meet the assumption of homogeneity of variance. SY, site ϫ year § A significant year quadratic effect indicates that there was not a meaningful year effect. 0.84 (0.32) 0.38 (0.17) Ͻ0.001 0.11 (0.06) 0.05 (0.02) Ͻ0.001 0.36 (0.56) 0.04 (0.11) Ͻ0.001 1.46 (1.90) 0.15 (0.45) There were no significant differences among the 3 yr in able Ca and Mg, and an increase in exchangeable Al. These trends were not observable in short-term comparforest floor horizon mass, exchangeable cation content, thickness, or organic matter content.
isons. Our results suggest that an understanding of temporal change in forest soil base cations requires a much The decreases in exchangeable Ca, Mg, and pH and increase in exchangeable Al observed in the Oa/A horideeper sampling effort than commonly has been employed. Changes in pH and exchangeable Ca and Mg zon between 1967 and 1997 were even more pronounced in the underlying mineral horizons, with the contrast were pronounced at all depths sampled ( Fig. 4 ; Table 2 ), up to a depth of 150 cm. Other studies examining minextending throughout the depth sampled (Fig. 4) (Fig. 4) . Statistical significance of these differences was tested by comparing horizons were not considered in their study. In other studies where deeper samples were collected, decreases 1967 and 1997 results in the upper-most subdivision of the B horizon, immediately below the Oa/A or E-horizon in soil base concentrations were centered on the shallowest horizons. Johnson et al. (1994) found most of (where present), and the subdivisions of the B horizon at the 50-and 100-cm depths. Reductions in exchangethe reduction in exchangeable Ca in the Oa and E horizons of Adirondack Spodosols, with no change in exable Ca, Mg, and pH were significant at all three depths, while the increase in exchangeable Al was significant changeable Ca concentrations in the B or C horizons. In a relatively short-term watershed acidification experionly in the uppermost subdivision of the B horizon (Table 2) . ment in Maine, Fernandez et al. (2003) found decreases in pH, Ca, and Mg, and increases in Al in Spodosols The average exchangeable acidity in the uppermost subdivision of the B horizon increased from 15.7 cmol c beneath softwoods, but not in hardwood stands. These changes were most pronounced in the Oa horizon and kg Ϫ1 in the archived 1967 samples to 19.7 cmol c kg Ϫ1 in the 1997 samples. The increase in exchangeable acidity upper 5 cm of the B horizon; no change was detected in the remainder of the B horizon, or in the C horizon. of 4.1 cmol c kg Ϫ1 was composed of an increase of 2.4 cmol c kg Ϫ1 of exchangeable Al and 1.7 cmol c kg Ϫ1 of The lack of changes in deeper horizons at these Spodosol-dominated sites (Johnson et al., 1994 ; Fernandez exchangeable H. Coupled with decreases in exchangeable Ca of 1.0 cmol c kg Ϫ1 and exchangeable Mg of 0. 06 et al., 2003) may reflect the relative dominance of shallow horizons in contributing to the cation exchange cacmol c kg Ϫ1 this resulted in an increase in cation exchange capacity of 3.0 cmol c kg Ϫ1 . Base saturation in this horizon pacity of these younger, glaciated soils. In contrast to decreased from 7.9 in 1967 to 1.4% in 1997. This includes the results in the Adirondacks and New England, Mara decrease in Ca saturation from 6.5 to 0. 4% and Mg kewitz et al. (1998) found significant decreases in pH saturation from 0.6 to 0.2%. and exchangeable bases, and increases in exchangeable Loss of Ca soil pools was approximately an order of acidity to a depth of 60 cm in Ultisols in a post-agriculmagnitude greater than biomass accumulation at DD tural pine plantation in South Carolina; older samples and FC, about twice as large as biomass accumulation from greater depths were not available for analysis of at HC and slightly less than biomass accumulation at temporal change. Our results are more similar to those NB (Table 3) . Loss of Mg soil pools was also more than reported by Markewitz et al. (1998) suggesting that acid an order of magnitude greater than biomass accumuladeposition may have altered the entire soil profile in tion at DD and FC. At HC and NB, estimated biomass these deeper, more highly weathered, unglaciated soils. accumulation of Mg was somewhat greater than soil
In contrast to acid deposition, forest harvesting may pool losses. The Al soil pool increased at all four sites, not result in detectable depletion of exchangeable bases, although the magnitude of the increase varied substanas demonstrated in a whole tree harvest experiment at tially.
Hubbard Brook Experimental Forest in New Hampshire , whole tree and sawlog harvests at Walker Branch Watershed in Tennessee (John-
DISCUSSION
son and Todd, 1998), and sawlog harvest at Coweeta
Soil Chemical Changes
Hydrologic Laboratory in North Carolina (Knoepp and Swank, 1997) . Modeling of biogeochemical changes at Quantitative comparison of archived and new soil samples showed a long-term decrease in pH, exchangeHubbard Brook Experimental Forest since the pre- industrial era suggests that most of the reduction in soil forest disturbance from harvesting or hurricane damage (Gbondo-Tugbawa and Driscoll, 2003) . base saturation is due to acid anion deposition, with about 27% of the reduction due to reduced base cation
The observed decreases in exchangeable Ca and Mg may be significant from a forest health perspective. Baiinputs in deposition and little change due to historical SOIL SCI. SOC. AM. J., VOL. 69, MAY-JUNE 2005 spective studies of soil properties, that would not be possible without long-term archiving of soil materials. Although the reanalysis of archived samples shows ley et al. (2004) proposed threshold values for Ca and consistent differences with the original analyses, the difMg saturation in the upper B horizon of 2 and 0.5%, ferences are small compared with the contrast of 1997 respectively. Sugar maple growing in soils with values and 1967 samples ( Fig. 2 and 4) , indicating large deless than these threshold levels was susceptible to decreases in exchangeable base cation concentrations over cline disease on the Allegheny Plateau. In the present three decades. Other studies have not detected changes study, the average values of both Ca and Mg saturation in base cation storage in forest soils exposed to acid were above this threshold in 1967 and below in 1997, consistent with the occurrence of widespread sugar madeposition (e.g., Johnson et al., 1997; Johnson and Todd, ple decline in this region in the 1980s and 1990s. 1998 Yanai et al., 1999) . This finding could be attributBiomass plays a role in storage of base cations on able to the difficulty in detecting change due to large site by sequestering them in plant tissue and organic spatial variability of forest soil properties, to the short residues. However, comparison of soil pool changes with duration of retrospective studies relative to the rate of net biomass accumulation suggests that much of the change in base cations, or the initiation of retrospective change in exchangeable Ca and Mg in these soils cannot studies after adjustment in soil base cations to the acid be accounted for by forest growth, implying off-site deposition regime had already occurred. leaching. This is consistent with studies that have sugRocky forest soils generally are considered to be gested that acid deposition has induced significant losses among the most spatially heterogeneous. However, spaof exchangeable base cation pools by hydrologic leachtial variability of chemical concentrations among the ing (Likens et al., 1996; Huntington et al., 2000; Fernan- four 1997 pits at each site was small (Fig. 4 , Table 2 ). dez et al., 2003) .
Several techniques employed in this study may have contributed to the appearance of low spatial variability between sites. Sampling by genetic horizon, by defini-
Techniques for Retrospective Studies
tion, combines sample material that has undergone simiCareful documentation of field and laboratory methlar pedogenic and biotic influences. Differences in color, ods and results, archiving of samples, and lack of recent texture, root density, etc. all are used as indications of disturbance opened the possibility to explore changes pedogenic horizons, and thus used to divide material in forest soil base cations over three decades at sites for sampling purposes. In contrast, sampling by depth that receive relatively large loads of acid deposition, increment can lump together very heterogeneous mateand are in landscapes considered especially sensitive to rials. For example, a sample of the upper 10 cm of acid deposition impacts based on geological and pedomineral soil may contain almost any combination of A, logical factors (Levine and Ciolkosz, 1988) . Although E, Bhs, Bs, or Bw horizons, each with distinct organic methods of analysis were similar, reanalysis of archived matter contents, and soil particle surface coatingssamples revealed important differences in the analytical factors that will greatly affect the results of a pH or results between the two sets of measurements. Such exchangeable cation analysis, depending on how much differences might be attributed to changes in the samof a given horizon contributes to a sample. A second ples with aging, or differences between analytical methfield-sampling factor that may have contributed to low ods. The high correlation between the two sets of measpatial variability is that large samples were collected. surements suggests that analytical differences are more Within a given genetic horizon, sample was collected important as changes induced by aging might not be from all four faces of the pit, totaling approximately expected to have such a regular effect on samples of 2 kg of total mass. In contrast, if only the amount of widely differing properties (e.g., organic content, texsample needed for analysis was collected-Ͻ50 g for ture). The difference in pH and exchangeable Al meathe parameters we measured-it would be more likely surements between the archived soil and the original to obtain material biased by very small-scale variations 1967 measurements was very small on an absolute basis, within a genetic horizon. Finally, careful sample homogas well as compared with the changes inferred by comenization and subsampling in an unbiased manner in paring the results from the 1997 sampling with the origithe laboratory, such as the rigorous riffle sampling pronal data. The mean difference between exchangeable base measurements in the two studies was somewhat cedures we employed, may remove much variability in- blamed on spatial variability in the field. Some investigators have focused retrospective sampling efforts on the forest floor (e.g., Yanai et al., 1999) , REFERENCES as this portion of the soil profile has the greatest root Bailey, S.W., J.W. Hornbeck, C.T. Driscoll, and H.E. Gaudette. 1996. density and is often considered to be most important Calcium inputs and transport in a base-poor forest ecosystem as interpreted by Sr isotopes. Water Resour. to forest biogeochemical processes and nutrition. HowBailey, S.W., D.C. Buso, and G.E. Likens. 2003 . Implications of soever, for forested soils such as those studied here, the dium mass balance for interpreting the calcium cycle of a forested interpretation of forest floor dynamics may be hindered to distinguish between an A and an E or B horizon than 1990. Handbook of methods for acid deposition studies laboratory analyses for soil chemistry. EPA/600/4-90/023. USEPA, Environit is to distinguish between an Oa and an A horizon. net biomass accumulation suggested substantial leach-
